The large-eddy simulation (LES) tool has been used to study the transient characteristics of turbulent mixing in atmospheric boundary layer (ABL) flows over canonical topographies representative of complex, urban environments. Specifically, distributions of uniform height, staggered cubes are considered with heights equal to one quarter and one eighth of the ABL depth. An immersed boundary method has been implemented within the LES, to represent the presence of the cubes; this enables the computational domain to capture the classical roughness sublayer and aloft inertial layer. With this, time series of fluctuating streamwise and vertical velocity is 
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FINAL REPORT: Grant # W911NF-13-1-0474
Numerical simulation of atmospheric boundary layer flow over battlefield-scale complex terrain: surface fluxes from resolved and subgrid scales A final report submitted to the Army Research Office, Environmental Sciences Directorate, Atmospheric Sciences Program (Grant # W911NF-13-1-0474; PM: Dr. S.
Collier, Dr. G. Videen)
PI: William Anderson, Mechanical Engineering Department, University of Texas at Dallas
Background
This document presents a summary of activities during Year # 1 of Grant # W911NF-13-1-0474 (FY2014). The funding period began in September, 2013, when the PI was at Baylor University. As discussed more extensively in Section 6, the PI moved from Baylor to the University of Texas at Dallas (UTD) in July, 2014. This professional move has affected the project by forcing the "Basic Award" to in fact conclude at Baylor, while a new start basic award will begin at UTD in October, 2014, for a duration of two years. This notwithstanding, the Year # 1 research effort has been remarkably successful. When the original proposal was submitted to then-PM Dr. Gorden Videen (Spring, 2012), PI Anderson had proposed to develop numerical treatments for fluxes of momentum and scalars in turbulent atmospheric surface layer flows over complex topographies at "battlefield scales" ∼ O(10 km). This work was effectively following on from Anderson's PhD studies at Johns Hopkins University [1, 2] . The work was motivated by limitations of present computing resources for modeling microscale atmospheric flows (with large-eddy simulation, LES) and accounting for the full spectrum of topographic modes typical of a natural terrain. For example, Figure 1 (a) shows a digital elevation map from Mason County, Texas, retrieved from the United States Geological Survey seamless server. The horizontal domains are (L x , L y ) ≈ (10 km, 10 km). The fine-grained height field ( Figure  1a ) is resolved at ∆ f = 3 m. LES with resolution sufficiently fine to represent these small topographic scales while still capturing the largest ABL turbulent structures would require significant (perhaps prohibitively large) scientific computing resources. Consider then the effect of filtering the height field at a scale more appropriate in LES with this domain size, ∆ LES = 96 m, Figure 1b . These images demonstrate that: (i) filtering removes important information from the height field; (ii) the landscape roughness is heterogeneous; and (iii) fluvial landscapes are characterized by branching, fractal-like channel networks [3] . We note that the choice of location for Figure 1 is arbitrary. While Anderson's preliminary efforts [1, 2] have focused on complex topographies most like that shown in Figure 1 , one could also imagine addressing for example flows over partially resolved urban environments [4, 5, 6] , or vegetative canopies [7, 8, 9, 10] .
As a PhD student at Johns Hopkins, Anderson worked with PhD adviser (C. Meneveau) to develop models for momentum fluxes (that is, aerodynamic drag) associated with unresolved topographic modes in the Figure 1 (b) topography. This was accomplished by first supposing that the total aerodynamic drag (i.e. due to h(x, y)) could be decomposed into that imposed by the filtered (h(x, y)) and unresolved (h (x, y)) components:
whereñ i is the unit vector normal to the filtered landscape,h (x, y), andp w is the resolved wall pressure acting onh (x, y), while drag forces due to h (x, y) are represented by the equilibrium logarithmic law:
where z 0 is a momentum roughness length, κ is the von Kármán constant, u τ is the shear velocity, and U is magnitude of the horizontal components of the velocity vector * . Next, we invoke a self-consistency argument (the Germano identity [11] ) on the plane-averaged aerodynamic drag at a grid-and test-filter scale; this is, we enforce that the total drag embodied in Equation 1 should be invariant to the filter resolution (assuming that the filter range is in the "inertial" range of the topography [1, 2] ). Thus, one could imagine a test-filtered version of Equation 1:
where . . . denotes a test-filtered (more smooth) quantity. The self-consistency argument:
states that the averaged aerodynamic drag is equivalent, regardless of the choice of filter width, ∆. Thus, as ∆ is varied, the drag imposed by the subgrid and resolved scales should change systematically such that the net quantity is preserved. Equation 4 is insightful, since it also allows one to inform parameters needed to parameterize the subgrid-scale roughness length, z 0 . For brevity, additional details regarding the Equations 1 to 4 development are excluded here (Anderson has presented this work many times, including during an invited talk at the Army Research Laboratory Headquarters in Adelphi, MD in July, 2013).
It was originally anticipated that the 1 to 4 development would be applied analogously to model surface fluxes of passive scalars for Figure 1 -like complex topographies. As a first stage effort, we sought to study the passive scalar surface flux characteristics of flow over a fully-resolved fractal-like topography. The equilibrium logarithmic law expression for passive scalar fluxes,q (neutral stratification -stability correction terms not needed [12, 13] ) is:q
where θ τ is shear temperature, z 0S is scalar roughness length, c p is specific heat, θ s is the surface temperature, and θ is passive quantity (for example, temperature in the absence of large thermal gradients). A large body of literature exists regarding values of z 0S [14, 15, 16, 17, 18, 19, 20, 21] in terms of the momentum roughness length,
* In this report, we adopt the following nomenclature: x = {x, y, z} correspond with the streamwise, spanwise, and vertical positions, respectively;ũ = {ũ,ṽ,w} correspond with the streamwise, spanwise, and vertical velocity components, respectively. 
Various groups have offered values for the set of φ parameters, while P r is the Prandtl number. In a recent study, we [24] used an immersed boundary method [25] to model flow over fully-resolved, fractal topographies. Since the topographies were fully-resolved, we could dynamically evaluate the equivalent z 0 during simulation, thereby allowing a priori computation of Re 0 , St 0 , z 0S (Equation 6), and thenq (Equation 5). The principle finding from this study [24] was that the ratio, z 0S /z 0 , varied over several orders of magnitude as Re 0 changed; moreover, z 0S /z 0 << 10 −1 for most of the fractal topographies considered. This conflicts somewhat with the commonly-used assumption that z 0S /z 0 = 10 −1 , and is consequential for numerical weather prediction of micrometeorological conditions over battlefield environments. This work was largely completed during the interval between original proposal submission and eventual award (Spring, 2012 to Summer, 2013 . By the time the grant was awarded, Anderson had developed a strong interest in studying the morphological characteristics of turbulent atmospheric flows over urban environments. At the PM's approval, Anderson effectively allocated Year # 1 of the funding effort to this problem, outlined below.
Findings
Turbulent momentum transport in atmospheric boundary layer flows is of critical importance to the performance of modern wind farms [26] , aerodynamics of vegetative canopies [27, 9] and urban environments [28, 29, 5, 4] , and geomorphological processes associated with evolution of aeolian desert landscapes [30] . These examples are distinctly different to smooth wall turbulence, owing to the presence of a distribution of obstacles of height, h, that protrude into the inertial layer of the flow. These obstacles absorb momentum through pressure drag, induce flow separation and serve to produce obstaclescale coherent motions that occupy the region between the wall and two to four times the obstacle height -the roughness sublayer [31, 6] . In the roughness sublayer, the vertical aerodynamic drag distribution due to the presence of obstacles results in an inflected mean streamwise velocity profile at the approximate average obstacle height [8, 32] . As a result, the mean flow gradient exhibits its maxima at the inflection [30] (not the wall), and the turbulence kinematics are fundamentally different. For flow over vegetative canopies, Raupach et al. [33] illustrated that flow in the roughness sublayer resembled a turbulent mixing layer with positively and negatively skewed streamwise and vertical velocity fluctuations, respectively, and Reynolds stresses composed predominately of "sweeps". With this, the turbulence morphology is characterized by Kelvin-Helmholtz spanwise "rollers" which originate at the velocity profile inflection and undergo a downstream metamorphosis leading to hairpin packets [27] . Recently, Ghisalberti [34] demonstrated the existence of an universality in roughness sublayer statistics for flows over diverse canopies, and introduced the term "obstructed shear flow " to categorize such flows. Within the sublayer, the turbulence geometric macroscale is effectively set by the vorticity thickness [35, 33] , δ w = u h /(dU/dz)| h , and streamwise spacing of vortex cores, Λ x = 2πLẅ, where Lẅ is the integral length scale. The mixing efficiency associated with these Kelvin-Helmholtz roughness sublayer motions (sustained by mean flow gradient with maxima at the canopy height) exceeds the analogous value for a logarithmic profile by approximately 50 %. Thus, turbulence in the roughness sublayer is characterized by vigorous mixing and complex structural attributes.
Above the roughness sublayer -in the inertial layer -the mean flow profile exhibits logarithmic scaling and the turbulence structure resembles smooth wall flow [8, 32, 5] . That is, the domain is occupied by persistent streamwise-elongated coherent parcels of relatively low and high momentum regions. For smooth walls, such low momentum regions meander [36] , and are encapsulated by hairpin packets [37, 38, 39, 40, 41, 42, 43, 44] at the interface between zones of quasi-uniform momentum [45] . For rough walls, the presence of persistent structures is also reported [5, 42] , however experiments have indicated that h-scale coherent motions associated with the roughness sublayer seemingly attenuate the lengths of logarithmic-layer coherent motions [42] . Recently, Coceal et al. [5] used direct numerical simulation (DNS) to study flow over a staggered array of uniform height cubes [28] with characteristic scale, h/H = 1 4 , where H is the boundary layer depth. They illustrated the existence of hairpin packets (and "cane" structures: inclined coherent parcel with only one leg of the hairpin [41] around the low momentum region). Moreover, they used approximated conditional averages [46, 37] to illustrate the significant reductions in streamwise coherence of their rough wall turbulence relative to a smooth wall. These efforts to characterize the structural attributes of smooth and rough wall turbulence have typically focused on spatial characteristics. Further, most previous studies address either instantaneous, ensemble-averaged, or time-averaged statistically stationary turbulence statistics. Here, we sought to reconcile spatial and temporal turbulence statistics during flow over urban-like topographies, and topographies with a uniform aerodynamic roughness length. This was accomplished simply by nominating locations throughout the computational domain at which flow statistics are recorded across the depth of the boundary layer in time (thus, we use LES to generate datasets that would more typically be associated with field campaign data from a tower equipped with sonic anemometers) [47] .
We used large-eddy simulation (LES) to model flow over topographies composed of a staggered distribution of wall-mounted cubes (one of the cases considered is "C20S" from the wind tunnel study by Cheng and Castro [28] , and considered in the more recent DNS study by Coceal et al. [5] ). (b) Owing to the topography attributes, the four points effectively capture transient dynamics at all points in the domain. The above topography is labeled here Case SC2. with edge length, h. Figure 2(b) shows the arrangement in planform, with indication of the streamwise spacing, s/h, between rows of cubes (here, we consider only cases with s/h = 1). Figure 2 (b) also includes indication of Points x 1 , x 2 , x 3 , and x 4 ; during LES, time-series of streamwise and vertical velocity have been recorded across the depth of the boundary layer at these points. This is better illustrated in Figure 3 (a), which shows the cubes and streamwise spacing (for the cube cases, the y coordinates of Positions x 1 to x 4 are equal and set to intersect the center of cubes; the x coordinates are varied such that: x 1 is precisely at the center of a cube, x 2 is centered between the upwind and downwind row of cubes, x 3 is precisely at the center of adjacent cubes, and x 4 is centered between the upwind and downwind row of cubes). For generality, we also model flow over homogeneous roughness lengths, shown in Figure 3 (b). This work is novel, since it provides datasets that might more readily be retrieved from a micrometeorological tower equipped with sonic anemometers (while retaining the spatial flexibility offered from LES). From adopting such a viewpoint, we can gain deeper insight about the role of coherent structures in the observed time-series phenomena. Figure 4 shows time-height contour maps of fluctuating velocity component (defined for this purpose asũ (x, t) =ũ(x, t) − ũ(x, t) t , where . . . t denotes averaging over time, t). For brevity, we show onlyũ andw at the limiting positions (i.e. x 1 and x 4 ), although intermediate values exhibit similar patterns. We also show the same contours for flow over a homogeneous roughness distribution (Figures 4e and 4f) . It is clear from inspection that theũ contours exhibit a significant advective lag for all cases; that is, the passage of parcels of relatively high-or low-momentum in the aloft boundary layer precedes "similar" activity in the roughness sublayer. This is further evidenced by consideration of the solid contours, which illustrate Reynolds stresses owing to "sweep" and "ejection" events (determined via quadrant analysis [48] ). One can further appreciate that -in generalelevated Reynolds stresses owing to sweeps (vigorous downward excursions of high momentum fluid, into the sublayer) are also preceded by aloft passage of high momentum regions. This is clear evidence that the characteristics of outer layer coherent parcels of fluid are "imprinted" on roughness sublayer processes; moreover, qualitative observations from Figures 4(a) , (c), and (e) suggest an advective lag between passage of such outer layer structures and excitation of sublayer dynamics.
We quantify theũ advective lag qualitatively observed in Figure 4 . This is accomplished in two steps. Firstly, a reference height, z Ref.
, is nominated at which a reference dataset can be collected. We selected z Ref. to be slightly above the "top" of the roughness. We adopted this approach since it facilitates comparison between these fundamentally different topographies. From here, we compute correlations maps as the convolutions:
where x l represents a spatial position (Figure 2b ). From this, we compute advective lag as:
where we discard τ max. values corresponding with γ(z, τ max. ) < χ, where χ = 0.3 is a predefined threshold. We experimented with a range of χ values, finding generally that increasing the threshold only serves to remove spurious values for z >> z Ref. while the underlying τ max. (z) trends were robust and indifferent to χ. values which illustrate that activity at z Ref. precedes activity below h and is positively correlated with momentum transport processes in the canopy, not the roughness sublayer. We emphasize also that the τ max. u τ H −1 values in Figure 5 are only associated with γ exceeding threshold, χ = 0.3. Thus, the approximate linearity, τ max. ∼ −z for z > z Ref. , is a product of actual processes within the roughness sublayer and inertial layer.
The presence of meandering, coherent parcels of relatively low and high momentum in turbulent wall-bounded flows over smooth [37, 38, 39, 40, 41, 43, 44] and rough [5, 42] walls is well known. The low momentum regions (LMR) are encapsulated by hairpin packets at the interface between regions of differing momentum [45, 41] . For the case of cube roughness such as the cases considered here, Figure 6 is a sketch of the aforementioned structural attributes. A streamwise-vertical transect through a LMR would reveal a typical inclination of γ ≈ 15
• [37, 42] . Quantitative visualization of the Figure 6 dynamics can also be attained with vortex visualization techniques (excluded here, for brevity). Figure  5 shows vertical profiles of advective lag, τ max. u τ H −1 , based on a reference elevation just above the canopy (see Figure 5 ). The linearity exhibited by τ max. u τ H −1 points to an underlying physical process in the roughness sublayer and inertial layer. We attribute τ max. ∼ −z scaling to the passage of regions of alternating low and high momentum in the roughness sublayer and inertial layer. Following the passage of a LMR, the first position in the domain to experience relatively higher momentum would be in the inertial layer, above the LMR. As the LMR advects downstream, relatively higher momentum would be recorded at progressively lower elevations. In keeping with the viewpoint adopted thus far, timeseries measurement of flow statistics throughout the domain at a position upwind of the LMR, x 1 , would experience low momentum higher in the domain first. The LMR would be observed at progressively lower z with increasing time. The above pattern would be true for regions of relatively high momentum too. Since representative information is known about the macroscale attributes of these coherent motions, we have developed a simple, semi-empirical model to predict the advective lag between passage of such motions in the inertial layer and evidence of their "imprint" on roughness sublayer and canopy dynamics.
If a LMR (i.e.ũ < 0, above) has depth, δ , its length can be evaluated based on assumption of a hairpin train inclination angle:
Furthermore, if we assume that a representative advective velocity for low and high momentum regions is the "outer" velocity, U 0 , we can use the equilibrium logarithmic law [49] and aerodynamic roughness length, z 0 , to predict U 0 : can be combined to obtain the advective lag:
Normalizing τ max. (z) by friction velocity and boundary depth ("shear normalized") yields:
We have used the LES data to evaluate z 0,Eff. for the block cases (h/H = 1/8 and = 1/4), enabling prediction of the outer velocity, U 0 , if assuming that the inertial layer profile retains a logarithmic form to z = z 0 . Alternatively, one could use predictive models for z 0 based on attributes of the topography [50, 51, 1] although this would require empirical parameters [52] . For Cases SC1, SC2, and U1, Figure 5 shows z/H 0.4, corresponding with 2 to 4 times the cube height. Thus, the model performance is moderately successful in the roughness sublayer and into the inertial layer.
Dissemination
The work described above (from Year # 1 of the research effort) has been presented through invited seminars, conference talks/proceedings, and peer review publications. Although the material described in Section 1 (passive scalar fluxes from fractal topography) was performed before the funding period began, we include dissemination of this material below as part of the "outcomes" since it was discussed in the original proposal.
Invited Talks:
• August, 2014: Microscale Atmospheric Dynamics Branch, Army Research Laboratory, Adelphi, MD.
• June, 2014: Summer Institute on Medicine and Energy, Texas Tech University.
• March, 2014: Mechanical Science and Engineering Department, University of Illinois at Urbana-Champaign.
• March, 2014: Mechanical Engineering Department, University of Texas at Austin.
• March, 2014: Sandia National Laboratory, Albuquerque, NM.
• February, 2014: Mechanical Engineering Department, University of Texas at San Antonio [Declined].
• January, 2014: Mechanical Engineering Department, University of Texas at Dallas.
• January, 2014: Extreme Fluids Group, Los Alamos National Laboratory, Los Alamos, NM.
• July, 2013: Army Research Laboratory, Atmospheric Dynamics Branch.
• March, 2013: Texas Tech University, Department Mechanical Engineering, Lubbock, TX.
• February, 2013: Aerospace Engineering and Engineering Mechanics, the University of Texas at Austin, Austin, TX.
• 2012: September, 2012: Baylor University, Mechanical Engineering Department.
Conference Proceedings:
• Anderson W, Li Q, Bou-Zeid E, 2014: Proc. of American Geophysical Union, Fall Meeting, San Francisco, CA.
• Anderson W, Li Q, Bou-Zeid E, 2014: Proc. of American Physical Society, Division of Fluid Dynamics, San Francisco, CA.
• Li Q, Bou-Zeid E, Anderson W, 2014: Proc. of American Physical Society, Division of Fluid Dynamics, San Francisco, CA.
• Anderson W, Li Q, Bou-Zeid E, 2014: Proc. of American Meteorological Society, Symposium on Boundary Layers and Turbulence, Leeds, England.
• Li Q, Bou-Zeid E, Anderson W, 2014: Proc. of American Meteorological Society, Atlanta, GA.
• Anderson W, 2012: Proc. of American Meteorological Society, Symposium on Boundary Layers and Turbulence, Boston, MA.
• • Anderson W, Li Q, Bou-Zeid E, 2014: Transient dynamics of coherent motions in an urban-like roughness sublayer. Journal of Turbulence (Under Review). Summary : This manuscript presents the material briefly described in Section 2. The manuscript was submitted on July 10, 2014.
Fiscal
The Year # 1 budget was $40,000, which supported the following items:
• Travel by Anderson to the American Meteorological Society, Symposium on Boundary Layers and Turbulence in Leeds, UK
• Two months of summer salary for Anderson
• Modest equipment and publishing budget
In Years # 2 (FY15) and # 3 (FY16), the award will provide $76084 and $34840, respectively. These funds will support Anderson summer salary, travel, and research stipend for a new doctoral candidate (Xiaowei Zhu, previously a research associate at Nanyang Technological University, Singapore). Comprehensive details of expenses and fund allocations have been provided on the full proposal submitted to ARO in 2014, as part of Anderson's new start at UTD.
Upcoming
Year # 2 of the project (Year # 1 of the UT Dallas new start award) will focus on evaluating the transient dynamics of flows over more complex topographies (i.e. beyond staggered, uniform height cubes) in the context of the existing Section 2 insights. That is: how does spacing or variable height, for example, affect the Equation 9 to 12 development. In fact, the topic of spacing is already "underway" through a collaboration between Anderson and Elie Bou-Zeid, Princeton University. Elie and his student, Qi Li, have studied the transient dynamics questions with spacing varied above and below the cases considered here. In addition, we will begin to consider the effects of fractal topographies (with varying spectral exponent, or fractal dimension), to evaluate how varying "roughness" modifies the spatial extent of coherent parcels of fluid. Townsend's outer layer similarity hypothesis states that smooth and rough wall turbulence statistics should be invariant in the outer layer [53] . Some recent efforts have demonstrated that complex roughness serves to attenuate coherence in the roughness sublayer [5, 42] , while Hong et al. [54] demonstrated a persistent "near wall" signature in outer layer turbulence statistics for flow over a distribution of pyramids. Thus, by considering a suite of fractal topographies with varying fractal dimension, we could determine the presence of monotonic trends in turbulence morphology with additional geometric complexity of the underlying topography.
Institutional Move: Baylor University to the University of Texas at Dallas
Anderson completed his PhD (Mechanical Engineering) at The Johns Hopkins University in July, 2011, and began as a tenure-track faculty in the Mechanical Engineering Department at Baylor University in Fall, 2011. Anderson greatly enjoyed being at Baylor, but experienced acute difficulty recruiting graduate students. This was exacerbated by virtue of federal grants awarded and a growing research portfolio (please see Section 7); in fact, Anderson in one case had to decline significant funds because they could never have been expended. Thus, Anderson was in the unfortunate situation of having to move to an institution with a more matured research enterprise. In July, 2014, Anderson moved to the Mechanical Engineering Department at The University of Texas at Dallas.
Additional Funding
In the interest of openness, Anderson has below provided a list of active and pending grants, and a brief summary of the research. Anderson will also gladly provide contact information for the respective program manager at ARO's request † .
• $240000: Air Force Office of Scientific Research, Young Investigator Program (October, 2014 -September, 2017) Summary : This AFOSR award will support a new topic studying the role of canonical roughness in sustaining mean secondary flows within a turbulent boundary layer.
• $20000: Shell Exploration and Production Company (January, 2014 -December, 2014) Summary : This industrial grant supports efforts to model atmospheric surface layer flows over fields of aeolian sand dunes. The work is motivated by the need to understand aerodynamic stresses responsible for geomorphic evolution of dune fields.
• $1. • Under Review: National Science Foundation, CAREER (Fluid Dynamics Program, CBET) (September, 2015-August, 2020) Summary : This project will support a more detailed study of turbulence processes in dune field environments (that is, development of bulk characterizations of the turbulent mixing-layer like processes present in close proximity to the dunes). This work will especially focus on "realistic" aeolian dune fields, with spatial distribution set by winds from multiple directions.
• Under Review: National Science Foundation, Physical and Dynamic Meteorology Program (GEO) Summary : Anderson has submitted a DoD-style white paper to this program for consideration. At the program manager's request, Anderson is now developing a full proposal. The project will focus on the morphology of coherent turbulent parcels in the convectively stratified atmospheric boundary layer, and their role in intermittent surface fluxes of dust from arid landscapes on the Llano Estacado in west Texas and eastern New Mexico.
• Under Review: National Science Foundation, Fluid Dynamics Program (CBET) Summary : Anderson (as co-PI) and collaborators (PI K. Christensen, University of Notre Dame; co-PI Gianluca Blois, University of Notre Dame; co-PI J. Best, University of Illinois at Urbana-Champaign; co-PI G. Kocurek, University of Texas at Austin), have submitted a full proposal to the NSF-ENF-CBET-Fluid Dynamics Program that focuses on turbulent flows over canonical barchan dunes. The proposal is an experimental-numerical collaborative. The three-year budget request was $540,000, of which Anderson will receive $180,000.
• Under Review: Texas Department of Transportation (TXDoT), Research and Technology Implementation Office (RTI)
Summary : A three-year project is under review at TXDoT with Anderson as the sole PI. The project will use the Weather Research and Forecasting (WRF) computation package for modeling mesoscale meteorological conditions and using short term forecasts to inform trafficability in Texas.
• To be Submitted: Office of Naval Research, Young Investigator Program (Programmatic Area: Hull Performance/Undersea Hydromechanics) Summary : This research is complimentary to aspects of this ongoing ARO project. In this effort, the LES channel flow code will be used to model flow over a suite of complex, fractal (and multifractal) topographies to evaluate how modifying geometric attributes of the synthetic topographies affects the turbulence statistics. ũ(x, t) t ) components for flow over cubical topography (Panels a-d) and homogeneous roughness (Panels e and f) at positions indicated in Figure 3 : (a)ũ (x 1 , y 1 , z, t) at x 1 ; (b) w (x 1 , y 1 , z, t) at x 1 ; (c)ũ (x 4 , y 4 , z, t) at x 4 ; (d)w (x 4 , y 4 , z, t) at x 4 ; (e)ũ (x c , y c , z, t) at center; and (f)w (x c , y c , z, t) at center. In addition to color floods, line contours denote contribution toũ w due to Q4 "sweep" (black) and Q2 "ejection" (yellow) events. Note that in Parts (a) and (b),ũ (x, y, z/H < 1/4, t) = 0 owing to the presence of cubes of height h/H = 1/4 τ max. 
